Particles of a newly described endosymbiont of Paramecium, here referred to as epsilon, have a fine structure that is essentially identical to that of Gram-negative bacteria. The symbionts occur only within loculi formed by extension of the outer membrane of the nuclear envelopes.
I N T R O D U C T I O N
It is difficult to identify the presumed endosymbionts of Paramecium with a particular micro-organism or to determine the nature of the cytoplasmic interaction of the host cell and symbiont. The endosymbiont mu resembles Gram-negative bacteria (Beale & Jurand, 1960 , 1966 . More recently, Jurand & Preer (1969) established that the symbionts of all stocks known to kill by rapid lysis are flagellated, Gram-negative bacteria. Beale, Jurand & Preer (1969) reviewed the biology of the better known endosymbionts of Paramecium aurelia and concluded that the symbionts represent a miscellaneous collection of bacteria which are adapted to an intracellular niche. It is generally accepted that the existence and perpetuation of an endosymbiont is highly dependent upon the genetic and cytoplasmic constitution of the host cell; however, only in the case of alpha, which is macronuclear, has a direct association of nucleus and symbiont been demonstrated. The present study developed from a general investigation of the fine structure of nuclear processes in ciliate protozoa; the first Paramecium micronucleus examined showed numerous bacterium-like particles associated with the nuclear envelope. This paper reports the specific association of that symbiont, which structurally resembles Gram-negative bacteria and perhaps rickettsiae, primarily with the micronucleus but also with the macronucleus of Paramecium.
M E T H O D S
The original culture identified as Paramecium multimicronucleatum was obtained in 1962 from Carolina Biological Supply Company, Elon College, North Carolina, U.S.A. Since that time organisms have been maintained with bacteria in a standard hay + lettuce medium. Paramecia were collected from newly established cultures by micropipette and fixed by exposure to osmium tetroxide vapour as previously described (Jenkins, I 964). Following rapid ethanol dehydration, the protozoa were embedded singly in methacrylate which contained 2 % (v/v) of divinylbenzene as a cross-linking agent or an Epon-Araldite mixture according to procedures reported earlier (Jenkins, 1967) . Sections were cut with an LKB Ultrotome equipped with glass knives, picked up on grids with Formvar-carbon films, doubly stained with uranyl acetate and lead citrate, and examined with an RCA 3G electron microscope operated at roo kV and equipped with 150 pm. and 30 pm. condenser and objective apertures respectively.
RESULTS
Micronuclei of the paramecia were approximately 2.5 pm. wide in the greatest dimension and were bounded by an envelope consisting of two membranes separated by a less dense space 15 to 20 nm. wide and having numerous pores about 60 nm. in diameter (Pl. I, fig. I ; P1.2, fig. 3 ). All micronuclei thus far examined had, just inside the nuclear envelope and at the apices of the longest dimension, a small bundle of microtubules cut in cross-section (Pl. I, fig. I ; PI. 2, fig. 2 ) . This apparently consistent configuration is reminiscent of the microtubules in the marginal bundle of mammalian blood platelets as studied by Behnke & Zelander (1967). The macronucleus was very much larger, with an irregular outline, and was enclosed by an envelope similar to that of the micronucleus except that pores were perhaps more numerous and slightly larger (Pl. I, fig. I ). Nuclear contents were essentially identical to those described for Paramecium by others The endosymbiont, tentatively named epsilon, occurred only within bulbous distensions (loculi) of the outer membrane of both micro-and macronuclei (Pl. I, fig. I ), being more numerous per unit surface area for micronuclei. In fact, the macro nuclear envelope was generally devoid of symbionts except in the region near to a micronucleus. The dilated intermembrane space of the loculus was always continuous with that electron-lucid space between the membranes of the nuclear envelope, and arose by way of a 70 nm. wide channel formed by an outward extension of the external membrane of the envelope (Pl. 2, fig. 2 ). In some instances, continuity between the outer membranes of the envelopes of micronuclei and the macronucleus existed (PI. 2, fig. 2 ); such channels might show a dilation which contains an epsilon particle (Pl. 2, fig. 2 ). A loculus might show multiple connexions to the nuclear envelopes and, in some cases, to the rough-surfaced endoplasmic reticulum (Pl. I, fig. I) ; however, the locular membrane itself was apparently always devoid of ribosomes. The epsilon particle was always separated from its surrounding membrane by an electron-lucid space 75 to IOO nm. wide. Such uniform separation may indicate a capsule which was not preserved by the preparative techniques employed. Only in instances where the division of a symbiont appeared to have occurred recently were two symbionts present within a single loculus.
The symbiont epsilon is best described as a very short rod, sometimes appearing nearly coccoid, approximately 0.35 pm. in diameter with longer forms reachingo.7 pm.
in length (all figures). Each particle was limited by a pair of membranes separated by an electron-lucid space (Pl. 2, fig. 3) ; the outer membrane, space and inner membrane were each about 10 nm. in width. The outer membrane had an irregular external surface, while the inner membrane, contiguous with the internal content, had a smooth profile. The cytoplasm of epsilon consisted generally of closely packed granules 17 nm. in diameter; in some cases, regions appear to lack these particles and might represent nuclear areas (Pl. 2, fig. 3 ). The cytoplasm occasionally contained small membranous whorls similar to mesosomes (Pl. 2, fig. 3 ). Deeply constricted forms as shown in PI. 2 , fig 3, were presumably in division, and had a loculus with a concentric indentation. The means by which the two resulting symbionts came to lie within separate loculi has not been observed.
D I S C U S S I O N
A recent study by Jurand & Preer ( , 1969) . Sonneborn (1965) stated that mu has a capsular sheath which is in contact with the cytoplasmic matrix. Epsilon is found exclusively within bulbous extensions of the outer membrane of the nuclear envelopes. Such a localization is unique and is thought not to be a transient one since paramecia at different division stages all show the endosymbiont to be nuclear envelope-associated. Although the intracisternal space of the endoplasmic reticulum is continuous with the lumen between membranes of the nuclear envelope, epsilon is not found within the cisternae proper. Also, while extensions of granular endoplasmic reticulum might arise from an occupied loculus, the membrane of the loculus always lacks ribosomes. In this regard, gamma, which is very similar to epsilon in structure and size (Beale et al. 1969) , is limited by a vacuole which does bear ribosomes and is thought to be granular endoplasmic reticulum.
The peculiar intracellular location of epsilon seems a most favourable one in terms of communication with both the cytoplasm and the nucleus, at the same time separating the symbiont from possible abrasive cytoplasmic factors. Epsilon is not in direct contact with the nuclear contents; the loculus and the intermembrane space of the nuclear envelope are continuous and are separated from the nucleoplasm by whatever barrier is imposed by the medial components of nuclear pores which are continuous through the membranes. Before assuming that the intermembrane location might relate specifically to the advantage of nuclear association, it should be remembered that the lumen of a loculus is often continuous with the intracisternal space of the granular endoplasmic reticulum and could leave the symbiont in direct contact with a product of protein synthesis. The possibility certainly exists that the nuclear association is of benefit to the paramecium by providing ready nuclear access to a product of symbiont synthesis such as purines which are speculated to be a product of endosymbiote metabolism in at least one case (van Wagtendonk et al. 1963) . Theintermembrane location may not relate directly to nutritional factors alone but also to the mechanism of perpetuation for epsilon. Unfortunately it is not known whether this symbiont shows the same specificity for the genotype of the host that is known to be necessary for the maintenance of other particles (Gibson & Beale, 1961 ; Gibson & Sonneborn, 1964) . However, on the basis of the single intracellular location, it seems most probable that epsilon requires nuclear contribution for its existence. Since the nuclear envelopes of both macronuclei and micronuclei remain intact during ciliate division, distribution of epsilon to both daughter cells seems assured and always in association with nuclear material. Whatever the advantage, it appears that epsilon has become adapted to a most unique and favourable intracellular location. 
EXPLANATION OF PLATES
Symbols: C = channel, E = epsilon particle, ER= endoplasmic reticulum, F = fibres, L = loculus, Ma = macronucleus, Mi = micronucleus, Mt = microtubules, NP = nuclear pore, W = membranous whorl. epsilon are visible at the arrow. Within a particle, a membrane whorl is discernible at W; the particulate cytoplasm and nuclear areas are also visible. Note the indented membraneof theloculuscontaining two epsilon particles. The envelope of the micronucleus (Mi) shows numerous annuli of nuclear pores (NP). Intranuclear microtubules (Mt) are present in this dividing micronucleus. x 74,000.
